The protein phosphatase inhibitor microcystin-LR (MC) induced hepatocyte apoptosis mediated by the calciumcalmodulin-dependent multifunctional protein kinase II (CaM-KII). CaMKII antagonists were added at various times after MC to define for how long the cells depended on CaMKII activity to be committed to execute the various parameters of death. Shrinkage and nonpolarized budding were reversible and not coupled to commitment. A critical commitment step was observed 15-20 min after MC (0.5 lM) addition. After this, CaMKII inhibitors no longer protected against polarized budding, DNA fragmentation, lost protein synthesis capability, and cell disruption. Commitment to chromatin hypercondensation occurred 40 min after MC addition. In conclusion, irreversible death commitment was coupled to polarized budding, but not to shrinkage or chromatin condensation. Antioxidant prevented chromatin condensation when given after the CaMKII-dependent commitment point, suggesting that CaMKII had mediated the accumulation of a second messenger of reactive oxygen species nature.
Introduction
The evolutionary conserved major serine/threonine protein phosphatases (PP) 1, 2A, 4, 5, and 7 have an inhibitory site targeted by strikingly diverse toxins from marine dinoflagellates (okadaic acid), terrestrial fungi (calyculin A), cyanobacteria (microcystins, nodularin), soil bacteria (tautomycin), and venomous insects (cantharidin).
1,2 That so many toxins converge on the same target suggests that PP inhibition is able to seriously perturb eukaryotic cells in general. One way in which this can happen is by PP inhibitors short-circuiting an apoptogenic cell stress pathway induced by ionizing radiation. 3 We reported early that the PP-inhibiting toxins induced morphological alterations compatible with apoptosis in a number of cell types. 4, 5 It was also found early that okadaic acid and microcystin could alter the cytoskeleton of fibroblasts and hepatocytes without inducing death. 6, 7 It is still not settled whether the hepatotoxicity of microcystin is due to a reversible cytoskeletal derangement [6] [7] [8] inducing liver bleeding and secondary hepatocyte necrosis due to insufficient blood supply, 9 or primarily due to an apoptotic process.
We have found that the majority of the PP-inhibitor-induced protein phosphorylation events in hepatocytes and apoptosis itself require active calcium-calmodulin-dependent multifunctional protein kinase II (CaMKII). 10, 11 This enzyme is activated by Ca 2 þ /calmodulin, autophosphorylation, or limited proteolysis. 12, 13 It has been reported that CaMKII is activated by caspases and can thereby contribute to downstream events in apoptosis.
14 It has also recently been postulated that CaMKII is activated late in the process of microcystin-induced apoptosis through increase of intracellular Ca 2 þ secondary to severe mitochondrial damage. 15, 16 This would imply that CaMKII only has a role late in the downstream apoptosis signaling modulating the phenotype of PP-inhibitor-induced death.
The present study was undertaken to know whether CaMKII acted upstream or downstream of the commitment point for cell death. If CaMKII acted upstream, we wanted to define the critical period when the kinase had to be active to irreversibly commit PP-inhibitor-treated hepatocytes to various indices of death, like shrinkage, budding, chromatin hypercondensation, loss of attachment to substratum, loss of protein synthesis capacity, extensive DNA fragmentation, and cell swelling and disruption. This would help clarify the unresolved issue of whether PP inhibitors acted primarily on the cytoskeleton with cell death as a late consequence, or acted to irreversibly commit the cells to death at an early stage.
To resolve these issues, we added cell-penetrating CaMKII inhibitors 11 to microcystin-treated hepatocytes in various preapoptotic stages and studied the cells for later development of morphological and functional signs of cell death.
We defined a CaMKII-dependent commitment time point for polarized cell budding and plating ability, which preceded the one for chromatin hypercondensation, but coincided with the commitment point for death, as defined by irreversible loss of protein and DNA synthesis activity and susceptibility to secondary necrosis with DNA fragmentation and finally cell disruption.
Results
Microcystin induces not only morphological rearrangements of hepatocytes resembling apoptosis, but also irreversible loss of hepatocyte viability
The purpose of the present study was to define the time periods when CaMKII activity was required to commit hepatocytes to various indices of apoptosis, but we needed first to know whether the phosphatase inhibitors induced loss of viability and not only induced cytoskeletal rearrangements resembling those found in bona fide apoptosis. 7 We noted that hepatocytes incubated for 2 h with a moderate (0.5 mM) concentration of microcystin-LR (MC) had a dramatically altered structure, including cytoplasmic and nuclear shrinkage, disappearance of microvilli, budding of the cell surface, and chromatin margination and hypercondensation. The cytoplasmic shrinkage at this late stage of MC treatment was due in part to shedding of organelle-rich apoptotic bodies. This was reflected by a decreased number of mitochondria per cell. The average mitochondrial volume remained stable ( Table 1 ). The cells excluded trypan blue (not shown). To know if increased Ca i 2 þ from influx or from intracellular stores could contribute to the MC effect, we suspended the cells in Ca 2 þ -free medium with 2 mM EGTA and 4 mM of the intracellular Ca 2 þ -chelator BAPTA 17 or from 60-500 mM of the intracellular Ca 2 þ -chelator Quin2-AM. These chelators did not affect the MC induction of apoptotic indices, the percentage of budded cells being 86 (range 81-91; n ¼ 4) in control cells treated with 0.5 mM MC for 30 min, 84 (range 80-92; n ¼ 3) in cells having received 4 mM BAPTA 15 min before the addition of MC, and 85 (range 78-93; n ¼ 4) when 500 mM Quin2-AM was added. This suggested that no significant increase of intracellular Ca 2 þ was required. With 40 mM of BAPTA, we observed a slight retardation of the MC-induced changes (70% budding after 30 min of MC incubation; range 62-77; n ¼ 3), but full apoptosis (97% budding; n ¼ 3) was observed after 1 h of incubation. This suggested that a minimum level of Ca 2 þ could be required for optimal MC effect.
We did not note internucleosomal fragmentation of DNA from freshly prepared cells treated for up to 3 h in suspension culture in Krebs-Ringer medium with any of the phosphatase inhibitors MC, okadaic acid, or calyculin A (Figure 1 , left four lanes). When the incubation was continued for another 2 h in suspension and then for 4 h in a rich cell medium in collagencoated culture dishes, we observed that cells treated with 2 mM MC failed to attach, showed strong internucleosomal DNA fragmentation ( Figure 1 , lane 7), lost their ability to exclude trypan blue, underwent progressive cell and mitochondrial swelling, and finally disintegrated (not shown). A substantial percentage (15-25%) of control cells incubated for similar time in the same media also failed to attach to the substratum, and showed extensive DNA fragmentation ( Figure 1 , lane 6). The majority of the control cells attached to the substratum, however, and showed little fragmentation ( Figure 1 , lane 5). We conclude that MC had induced cell death based on extreme chromatin condensation and Primary hepatocytes, freshly isolated from rat liver, were incubated for 2 h prior to fixation, embedding, and electron microscopy, as described in the Materials and Methods section. The table shows micrographs and selected morphometric parameters for (A) control cells, (B) cells treated with 0.5 mM MC, and (C) cells treated with 0.5 mM MC in the presence of the CaMKII antagonist KN62. The morphometric data were determined by using transparent test systems superimposed over TEM micrographs as described in the Materials and Methods section. Data marked with an asterisk (i.e. cell volume and mitochondrial number) were derived from the direct measured results (i.e. nuclear volume, mitochondrial volume, and their volume fractions). The bar represents 10 mm extensive cell budding with shedding of apoptotic bodies (Table 1) , and acceleration of secondary necrosis with internucleosomal DNA fragmentation, inability to exclude trypan blue, swelling, and finally cell disruption. Internucleosomal DNA fragmentation has traditionally been associated with apoptotic rather than necrotic cell death; so the above data are unusual by showing internucleosomal DNA fragmentation associated with secondary necrosis and not with the primary apoptosis. In other systems, cytoplasmic extract from apoptotic cells has been required to induce DNA fragmentation in nuclei isolated from nonapoptotic cells, 18 but Orrenius et al. 19 have demonstrated divalent metal-induced DNA fragmentation in isolated nuclei. We found strong internucleosomal DNA fragmentation in nuclei isolated from the hepatocytes when incubated for 1 h in a simple buffer with Mg/ATP. The DNA fragmentation was accelerated by, but not dependent on, the presence of Ca 2 þ (Figure 1, lanes 8 and 9) . This shows that, at least in the nuclei of the presently studied hepatocytes, internucleosomal DNA cleavage can occur without the cytoplasmic or mitochondrially derived factors inducing DNA fragmentation in some apoptotic cells.
Definition of the CaMKII-dependent commitment time points for cell budding, chromatin hypercondensation, secondary necrosis, and loss of capability for cell attachment and macromolecule synthesis
Having established that MC was capable of inducing a number of morphological and functional parameters associated with apoptosis, next we wanted to know if CaMKII inhibitors could protect against all or only some of these parameters.
Cells preincubated with the CaMKII inhibitors KN62, KN93, or KT5926 were protected for at least 2 h against the appearance of the ultrastructural features accompanying apoptosis, like cytoplasmic and nuclear shrinkage, disappearance of microvilli, cell surface budding, and chromatin margination and hypercondensation, as shown in Table 1 for KN62. Glycogen degradation was not prevented ( Table 1 ), suggesting that it was not coupled directly to apoptosis and could occur by an MC-activated mechanism not involving CaMKII.
To define the probable CaMKII-dependent commitment point for death, we needed CaMKII inhibitors able to rapidly enter the cells and block CaMKII-dependent protein phosphorylation. Both KT5926 (Figure 2 ) and KN93 (not shown) satisfied this criterion, being able to arrest the MC-induced increase of protein phosphorylation when added to cells being incubated with a moderate concentration (1 mM) of MC. To ensure further the rapid cessation of MC-induced CaMKIIdependent hyperphosphorylation, the cells were diluted 20-fold in MC-free medium with CaMKII inhibitor. Hepatocytes exposed to MC in the absence of CaMKII antagonist got evenly distributed minor blebs and buds, which eventually gathered at one pole of the cell (Figure 3e and g ) as polarized buds, typically with condensed actin at the base (Figure 3f and h). The t 0.5 for polarized budding was 19 min with 0.5 mM MC (Figure 3a) . CaMKII inhibitor added 16-17 min after 0.5 mM MC prevented half of the cells from budding (Figure 4a ), suggesting that CaMKII activity was required until a few minutes before polarized budding. The exact same commitment time was noted for loss of plating ability (Figure 4b ). Microscopic scrutiny in the early phase of plating revealed that no budded cells were able to plate. This suggested that polarized budding and loss of plating ability were coordinately regulated.
Chromatin hypercondensation occurred later than budding (Figure 3e-h ), t 0.5 being 115 min (Figure 3b ). The commitment point was at 40 min ( Figure 4c ). This suggested that 0.5 mM MC was required during 40 min to initiate, through a CaMKIIdependent pathway, a CaMKII-independent chain of events that led to visible chromatin hypercondensation more than 1 h later.
The cytoplasmic and nuclear volume started to decrease already after 2-3 min and the shrinkage was half-maximally complete after 9 min ( Figure 5 ). Nuclear and cytoplasmic shrinkage occurred roughly in parallel, suggesting that depletion of water and associated solutes occurred near simultaneously from the nuclear and cytoplasmic compartments. Significant shrinkage was observed in cells that had not yet undergone polarized budding (inset of Figure 5a ), confirming that shrinkage preceded budding. The MCinduced cell shrinkage appeared to be reversible, since cells regained nearly their original volume when CaMKII inhibitor was added (not shown).
Results similar to those shown above were obtained when MC was replaced by nodularin or KN93 was replaced by KT5926 (not shown).
We next wanted to know the commitment point for loss of cell viability. Loss of viability was defined as irreversible loss of ability to synthesize macromolecules and development of secondary necrosis with cell disruption as the end stage. Cells having received KN93 at various time points after being challenged with 0.5 mM MC scored for budding and were left to attach on the plates. We noted an inverse correlation between budding and attachment ( Figure 6a All the nonattached cells eventually underwent secondary necrosis with influx of trypan blue, swelling of the mitochondria, and gross degradation of DNA, culminating in cell disruption (not shown). We conclude that PP inhibitors could commit the cells not only to irreversible loss of ability to synthesize proteins and DNA, but also to eventually become necrotic. The CaMKII-dependent commitment point for all these events was similar to that for induction of polarized cell budding and cell plating, and preceded the commitment for chromatin hypercondensation.
The effect of the caspase inhibitor z-VAD and the antioxidant naringin on MC-induced apoptosis
The CaMKII-dependent commitment point occurred a few minutes before execution in the case of budding and more than an hour earlier in the case of chromatin hypercondensation (see above). This suggested that CaMKII had stimulated the production of a rather long-lived metabolite (second messenger) and/or irreversibly activated the function of a proapoptotic macromolecule. Obvious candidates are caspase activation or production of reactive oxygen species (ROS), since the caspase inhibitor z-VAD and antioxidants, including the flavinoid naringin, 20 can counteract PP-inhibitor effects on hepatocytes. 10, 15, 21 We compared first the ultrastructure of hepatocytes treated for 30 min with 0.5 mM MC in the absence and presence of z-VAD. Most stages of MC-induced apoptosis were observed also in the presence of z-VAD, but the less advanced stages predominated ( Figure 8 ). This suggested that the z-VADsensitive proteases acted to moderately accelerate rather than modify the apoptotic process. Since z-VAD, unlike CaMKII antagonists, was an incomplete inhibitor of the apoptosis, no caspase-dependent commitment point could be defined.
In contrast, the antioxidants N-acetylcysteine (5 mM), Tempol (7.5 mM), or naringin (0.1 mM), given 15 min before 0.5 mM MC, decreased the MC-induced apoptosis after 45 min from 93-96 to [13] [14] [15] [16] [17] [8] [9] [10] , and 1-2%, respectively (range n ¼ 3). When naringin was added simultaneously with MC, it was as efficient as KN93 in preventing hepatocyte budding (Figure 9 ). Naringin could inhibit the polarized budding until just before it occurred (Figure 9 ), that is, slightly after the commitment point for CaMKII ( Figures  4 and 9 ). Naringin could protect from chromatin condensation until 70 min after MC, that is, 30 min after the CaMKII commitment point (Figures 4 and 9) . We conclude that antioxidant, but not z-VAD, could protect cells that had passed the CaMKII-dependent commitment point, compatible with ROS actions persisting after the CaMKII activity had been inhibited.
Discussion
Active CaMKII was required for all the apoptotic parameters observed in MC-treated hepatocytes (Table 1, Figures 2, 4 , 6 and 7). By analyzing the fate of cells diluted in MC-free medium with CaMKII antagonist we could determine the commitment points for the various indices of MC-induced death. We defined a time point of '50% no return' about 15-17 min after the addition of 0.5 mM MC. At this point the cells became committed to lose the ability to synthesize protein and DNA and to attach to the substratum, and also became committed to undergo DNA fragmentation and cell swelling, eventually leading to cell disruption.
To our surprise, two of the four prime parameters of apoptotic cell death, as originally defined, 22, 23 that is, cell shrinkage and chromatin hypercondensation, had commitment points that failed to coincide with that for 'death' itself. Cytoplasmic and nuclear shrinkage commenced a few minutes after addition of MC and was significant also in nonbudding cells not yet committed to death. Cell shrinkage was therefore insufficient to commit the cells to death. Shrinkage had, unlike death, no defined commitment point, being reversible upon blocking of the CaMKII activity. Apparently, continuous CaMKII activity was required to maintain the shrunken state. Uncoupling between shrinkage and death has been suggested also in studies using manipulation of medium ion composition and of ion channel function to dissociate the control of cell volume and cell death. 24 The commitment for chromatin hypercondensation occurred about 20 min after the cells had been irreversibly committed to die. Chromatin condensation was therefore an epiphenomenon not directly related to the death pathway of MC action. In a study of caspase-independent staurosporineinduced T-lymphocyte death, cells that had moderate chromatin condensation could be rescued and the chromatin condensation reversed by removal of staurosporine. 25 Although chromatin condensation was an early event in Figure 3 The sequential appearance of apoptotic features in hepatocytes after exposure to MC. Hepatocytes in suspension were treated with 0.5 mM (K) or 2.0 mM (J) MC, and aliquots fixed for microscopic assessment of (a) surface budding and (b) chromatin hypercondensation, as described in the Materials and Methods section. The data were plotted semilogarithmically to be able to calculate the rate constant of budding (k ¼ 0. staurosporine-induced death and a late event in MC-induced death, the report 25 supports our conclusion that chromatin condensation can be dissociated from the commitment to death.
The CaMKII-dependent commitment point for polarized budding and loss of plating ability coincided with that for 'death'. While budding occurred only a few minutes after the commitment point, secondary necrosis and DNA fragmentation occurred hours later. This suggested that MC, via CaMKII, had initiated events that could affect many different cell constituents and functions and had long-term impact on the cell even in the absence of continued CaMKII activity. In many cell models, the 'commitment to die' has been defined to be the moment when caspases have become activated. 26, 27 An obvious explanation was therefore that MC, via CaMKII, had activated caspase-initiated cascades that after latency led to budding, loss of protein synthesis, and DNA fragmentation. Apoptosis was, however, merely moderately delayed in the presence of caspase inhibitor (Figure 8 ). We propose therefore that caspase activation is probably an amplification loop for MC-induced apoptosis rather than an obligate effector of CaMKII action. This is in line with the role of caspase in fibroblast apoptosis induced by DNA damage, 28 and for PPinhibitor-induced apoptosis in fibroblasts 29 and MCF-7 cells.
10
Another candidate for a downstream effector of CaMKII is ROS. The accumulation of ROS can occur within minutes in MC-treated hepatocytes. 15 We found that the antioxidant naringin could protect cells even when given after the CaMKIIdependent commitment point. This suggests that CaMKII acts upstream of ROS. In line with this, naringin was found to only marginally affect the protein phosphorylation in okadaic acidstimulated hepatocytes. 30 Furthermore, hepatocytes stimulated by ROS generators like azide fail to reproduce the Figure 4 Determination of the point when CaMKII activity is no more required for the progression of various MC-induced cell death-associated parameters. Hepatocytes in suspension culture were incubated with 0.5 (K) or 2.0 mM (J) of MC. After various incubation periods (2-45 min), a 20-fold excess of medium containing 30 mM of the CaMKII antagonist KN93 was added in order to abruptly inhibit the CaMKII activity. The incubation was continued until 45 min after the addition of MC, when the cells were washed and resuspended in fresh medium containing 3 mM KN93. The washed cells from each condition were fixed for evaluation of surface budding (a), plated on tissue culture dishes and assessed for ability to attach (b), or left for another 1.5 h before fixation for morphological assessment of chromatin hypercondensation (c). The T lag (see the boxes on top) and the time for 50% commitment are indicated by dashed lines (see the legend to Figure 3 and the Materials and Methods section for further details). The results shown are from a typical experiment when all three parameters (budding, plating, and chromatin hypercondensation) were determined , the volume after 2 h incubation with 2 mM MC, that is, V(2hMC), was determined (not shown), and taken as the end point of volume decrease. The fraction V(t ¼ x)ÀV(2hMC)/V(t ¼ 0)ÀV(2hMC) tells how much of the maximal volume decrease has been reached after time ¼ x, and was plotted (note log scale) in panel b against time of incubation with 0.5 mM MC. From this plot it is apparent that cytoplasmic and nuclear shrinkage commenced after 2-3 min of incubation and that half of the shrinkage occurred during the first 9 min of incubation MC-induced phosphoprotein pattern or death phenotype (C Krakstad, BT Gjertsen and SO Døskeland, unpublished observations). This suggests that MC-induced activation of CaMKII induces death not only through ROS formation, but also through other phosphorylation events (see Figure 10 for an overview). One such event may be the increased myosin light chain (MLC) phosphorylation (Figure 2 ; see also Fladmark et al. 10 ). MLC phosphorylation by the MLC kinase has been implicated in the formation of cell buds, 31 and can be CaMKII-dependent since CaMKII activates the MLC kinase. 32 The phosphorylation of MLC was not affected by antioxidants (T Solstad and K Fladmark, unpublished observations), suggesting that it occurred upstream and independently of ROS formation. The intermediary filament network collapses when cytokeratins 8 and 18 are phosphorylated by CaMKII in intact cells treated with PP inhibitors. 8, 21 Similar phosphorylation events occur in hepatocytes incubated with 30 nM okadaic acid, 21 at which concentration okadaic acid is nonapoptogenic. 4, 21 The effects of MC on the intermediary filaments are therefore probably not causing the cell death.
Important mechanistic questions relate to the activation of CaMKII 33 and the accumulation of ROS 15 in PP-inhibitortreated hepatocytes. Three alternative ways of activating CaMKII have been proposed. One is through caspase cleavage removing the autoinhibitory domain.
14 This was unlikely to be a major factor in our hepatocyte system, since caspase inhibitor failed to modify the bulk of the CaMKIIdependent phosphorylation events induced by PP inhibitor 10 and only partly protected against MC-induced death under the present experimental conditions (Figure 8 ). Another possibility is through oxidative damage of mitochondria leading to early Ca 2 þ efflux and thereby activation of CaMKII by Ca 2 þ / calmodulin before the commitment point for death. This is an attractive hypothesis since it can explain why antioxidants can abrogate PP-inhibitor-induced hepatocyte death. 15, 16, 21 We were unable to prevent MC-induced hepatocyte apoptosis using Ca 2 þ chelators, suggesting that Ca 2 þ did not have any role in the early purely apoptotic phase of MC-induced hepatocyte death. We failed, furthermore, to observe any gross ultrastructural damage or swelling of mitochondria in hepatocytes treated with MC for 2 h (Table 1) or 20 min (Figure 8 ).
The inability of Ca 2 þ chelators to prevent MC-induced apoptosis may be puzzling in view of the role of the Ca 2 þ / calmodulin-dependent protein kinase II in the process. It should be noted, however, that, when autophosphorylated on a critical threonine residue, the CaMKII has 1000-fold increased affinity for Ca 2 þ /calmodulin and is active even in the absence of Ca 2 þ /calmodulin (for recent reviews, see Colbran 13 and Hudmon and Schulman 34 ). Since phosphoprotein phosphatase type 2A (PP2A) and phosphoprotein phosphatase type 1 (PP1) catalyze the dephosphorylation of autoactivated CaMKII, 13, 35 an obvious pathway for PPinhibitor activation of CaMKII is by blocking its dephosphorylation, 33 thereby circumventing the need for increased Ca i 2 þ . Recently, Howe et al. 36 have shown that reactive oxygen radicals can inactivate PP2A and thereby stimulate CaMKII. This suggests that MC, by inhibition of PP and activation of CaMKII, can increase the accumulation of ROS, which by inhibition of PP2A 36 can lead to further PP inhibition and activation of CaMKII. This provides an attractive amplification loop for CaMKII activation in stressed cells (Figure 10 ), and The results are from a typical experiment, the same as shown in Figure 7 . Bar is 50 mm Figure 7 The loss of cell capability for substrate attachment coincides with loss of protein synthesis. Cells were treated as described in the legend to Figure 6 , but plated with medium containing [ 35 S]methionine. After 6 h, the attached and nonattached cells in each well were collected, lyzed, and the proteins in the lysate separated by SDS-gel electrophoresis. The gels were stained with Coomassie brilliant blue for general protein content (a) and analyzed by autoradiography for proteins with incorporated [
35 S]methionine (b). The ratio of the autoradiographic intensity to the general protein-staining intensity was taken as a measure of the protein synthesis activity (c). Data are presented for the attached (a) and nonattached (na) cells Figure 8 Comparison of the morphology of hepatocytes treated with MC in the absence and presence of the caspase inhibitor zVAD-fmk. Hepatocytes were incubated for 20 min with 0.5 mM MC in the absence (c-g) and presence (h-m) of the caspase inhibitor zVAD-fmk, which was added 30 min before MC. The cells were prepared for TEM as described in the Materials and Methods section. The cells are shown in various stages of reaction towards MC in the order in which they appeared after MC addition (as determined in separate experiments not shown). Note also that the mitochondrial morphology in cells with advanced polarized budding (f) was similar to that of control cells (b, a), so the apoptosis judgement was based on low-magnification ultramicrographs. The percentage of cells with each type of morphology is indicated in insets. Note that the morphologies are similar with and without zVAD, but that earlier stages predominate with zVAD. Bar 5 mm for all panels except (b) and (f), where it is 0.5 mM may explain why ROS-inducing gamma irradiation and okadaic acid both lead to CaMKII-dependent Jurkat cell apoptosis. 3 The MC-induced death had two stages. The first stage was characterized by polarized budding, and pronounced shrinkage with apparently intact DNA and mitochondria (Table 1 , Figures 1 and 8) . The second stage occurred much later and included secondary necrosis-like features like cell and mitochondrial swelling, inability to exclude trypan blue, and extensive DNA degradation. In cells with a low energy store, the DNA fragmentation and signs of necrosis, like mitochondrial swelling and inability to exclude trypan blue, occurred early. The present study using freshly isolated hepatocytes in suspension culture failed to find swollen mitochondria (Table 1, Figure 8 ) or DNA fragmentation (Figure 1 ) during the early phase of incubation with MC. Other studies, using hepatocytes in monolayer, noted early DNA fragmentation, cell permeability, and mitochondrial dysfunction in MCinduced death. [15] [16] [17] The reason for this discrepancy is not clear. It is well known that death-inducing agents, like TNF-a, which also stimulates ROS formation, can induce either apoptosis or necrosis depending both on cell type and the physiological conditions. 37 In conclusion, we have shown that hepatocytes have a common CaMKII-dependent commitment point for 'death' coinciding with the formation of polarized cell buds, and dissociated from both chromatin condensation and cell shrinkage. The CaMKII-dependent commitment point precedes a putative ROS commitment point, suggesting that CaMKII activation can occur upstream of ROS formation. Cell culturing; determination of cell attachment, protein synthesis, DNA replication, and fragmentation Hepatocytes were isolated from male Wistar rats (120-200 g) by in vitro collagenase perfusion, and either kept in suspension or cultured on collagen gel, as described previously. 38 For short-term suspension cultures, hepatocytes were resuspended (1.2 Â 10 6 cells/ml) in pregassed (95% O 2 /5% CO 2 ) low-phosphate incubation buffer (10 mM Hepes, pH 7.4, with 120 mM NaCl, 5.3 mM KCl, 0.01 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 1.0 mM CaCl 2 , 5 mM lactate, 5 mM pyruvate, and 0.5% bovine serum albumin). The incubation was in capped vials with gyratory shaking (175 cycles/min, 371C).
Materials and Methods
We observed that hepatocytes from fasted animals reacted more slowly to MC, and in some cases underwent cell swelling rather than shrinkage, rapidly becoming trypan blue positive. Hepatocytes isolated from fed rats later during the day, when the liver glycogen is expected to decrease since rats are nocturnal feeders, also tended to become more necrotic. We performed therefore all the experiments with hepatocytes isolated early in the morning from well-fed animals.
To study the ability to attach to substratum, and the activity of protein synthesis and DNA replication, the hepatocytes (120 000 cells per well) were seeded in six-well dishes precoated with collagen, as described previously, 38 except that the medium was sometimes methionine-free to allow the assessment of protein synthesis by incorporation of exogenously added [ 35 S]methionine. The % attachment of the seeded hepatocytes was determined by microcopy 6 h after seeding. Gentle tapping on the dish revealed that all attached cells had a flattened shape, whereas all round cells were nonattached. When the nonattached cells were gently withdrawn by suction of the medium, only rounded cells were recovered, Figure 9 Comparison of the commitment points for budding and chromatin condensation, as probed by CamKII inhibitor and antioxidant. Hepatocytes were incubated with 0.5 mM MC. After various periods of time (abscissa), cell samples were withdrawn, fixed, and assessed for polarized budding (K) and chromatin condensation (J), as described in the legend to 
KN93 KN93
Anti-ox. Figure 10 Proposed role of CaMKII in MC-induced apoptosis in primary rat hepatocytes. The scheme shows a proposed positive feedback loop for CaMKII activation and ROS formation based on PP inhibition and CaMKII activation by both MC and ROS. The scheme suggests that the rapid and efficient apoptosis induced by MC depends on both putative phosphorylation events catalyzed by CaMKII (Y) and as yet unidentified effects of ROS and only flattened cells remained in the dish. The number of attached cells having entered S-phase between 40 and 68 h after seeding was determined by labeling the cells with [ 3 H]thymidine (1.5 mCi/10 cm 2 dish) from 40 to 68 h after seeding, and counting the number of labeled and unlabeled nuclei after autoradiography. To optimize the medium and boost proliferation, the cells were given 0.2 nM insulin and 5 nM dexamethasone 6 h after seeding and supplemented with 9 nM epidermal growth factor 20 h after seeding.
MC

Apoptotic cell death
To determine protein synthesis activity, the detached cells were centrifuged (400 Â g, 2 min), resuspended in fresh medium containing [ The incubation was terminated by the addition of ice-cold 7% aqueous trichloroacetic acid. The cell precipitates were transferred to tubes, centrifuged (15 000 Â g, 15 min), and the pellet washed three times in 5% trichloroacetic acid and twice in diethyl ether, before dissolving in SDS loading buffer (50 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 100 mM DTT and 0.05% bromophenol blue). The samples were electrophoresed on 12.5% acrylamide (12% acrylamide, 0.2% bisacrylamide). The gels were strained for protein with Commassie brilliant blue, dried and subjected to quantitative autoradiography after 1-2 weeks exposure using the Fuji BAS 5000 system. The protein staining intensity was determined by scanning the stained gel and analysis on the Fuji LAS 1000 system. Hepatocyte nuclei were prepared from isolated rat hepatocytes. The cells (2 Â 10 7 ) were transferred to ice-cold TKM buffer (50 mM Tris-HCl, 25 mM KCl, 5 mM MgCl 2 , pH 7.45) with 0.25 M sucrose, and homogenized by being forced eight times between a metal bullet with diameter 8.004 mm and a cylindrical metal wall of diameter 8.02 mm. One volume of homogenate was mixed with two volumes of TKM/2.1 M sucrose, layered over TKM/2.1 M sucrose, and centrifuged at 50 000 Â g av for 2 h. The pellet, containing isolated nuclei, was resuspended in 0.1 ml of ice-cold TKM/0.25 M sucrose, diluted in 2 ml of 25 mM Hepes, with 125 mM KCl, 2 mM KH 2 PO 4 , 4 mM MgCl 2 , 39 re-centrifuged at 700 Â g av for 10 min at 41C and dissolved in the same buffer.
To test for internucleosomal DNA cleavage, 10 mg DNA isolated from variously treated hepatocytes was electrophoresed on 1.5% agarose gels and the DNA visualized by staining with ethidium bromide. 5 Metabolic labeling of cellular phosphoproteins, two-dimensional gel electrophoresis Suspension cultures of hepatocytes (2 Â 10 6 /ml) were preincubated for 35 min in a low-phosphate (0.1 mM) Krebs-Ringer bicarbonate buffer as described above, with 0.5 mCi/ml 32 Pi. The cells were incubated with MC or the protein kinase inhibitor KT-5926, and the phosphorylated proteins visualized by autoradiography after separation by 2D-gelelectrophoresis as described previously.
11
Scoring of cell budding, actin distribution, chromatin hypercondensation, cell and organelle volume changes by light microscopy Cells were removed form the cell suspension cultures at different time points after addition of apoptosis modulator and fixed in 1.5% glutaraldehyde. The presence of cell budding was evaluated using phase and differential interference contrast (DIC) microscopy.
For simultaneous visualization of actin and chromatin, the cells were fixed in 2% formaldehyde (pH 7.4) with Hoechst 33342 (5 mg/ml), transferred to cover slides using a Cytospin (Shandon Inc., USA), permeabilized with Triton-X100 (0.05%) for 20 min, washed with blocking buffer, and the actin stained with 0.5 mg/ml rhodamine-phalloidin. A Zeiss ApoTomet grid projection system was used for optical sectioning.
For determination of cellular and nuclear shrinkage, cells were fixed in 1.5% formaldehyde and stained with Hoechst 33342. Cells were mounted under coverslips and examined using a UV-equipped Zeiss Axiophot M200 inverted microscope with a digital camera. The relative cell and nuclear volume was determined by superimposing a transparent test system over the micrographs, and relate the total count of test points in the cytoplasm and nucleus to the counts in control cells. Results were plotted as size (%) of the cytoplasm or nucleus of treated cells compared to their control size (100%). At least 50 cells from each time point were measured in three independent experiments.
Morphometry of transmission electron microscopy (TEM) ultramicrographs
The cells were fixed for 15 min in 1.5% glutaraldehyde in Na-cacodylate buffer (pH 7.4) and kept on ice during the procedure. The cells were spun down, and washed in buffer before being post-fixed for 60 min in 1% osmium tetroxide (OsO 4 ). Dehydration was performed using graded alcohol solutions. After embedding the cells in Agar100 resin, ultra-thin sections were cut and stained in uranyl acetate and lead citrate. Sections were examined in a Philips EM 300/II electron microscope. For determination of the nuclear volume and volume fraction, 15 electron micrographs were made randomly at final Â 3200 magnification from each section. The absolute nuclear volume was determined as described by Braendgaard and Gundersen. 40 The number of nuclei per cell was next determined by fluorescent microscopy of hepatocytes stained with Hoechst 33342. The mean number of nuclei per cell was counted for 300 cells.
Based on the absolute average volume per nucleus and the average number of nuclei per cell, the absolute total nuclear volume per cell was determined. This value divided by the nuclear volume fraction (see below) yielded the absolute cell volume. The reason for determining the cell volume in this indirect way was that the nuclear shape was near globular even in strongly apoptotic cells, whereas the cell shape was distorted with numerous blebs, making the determination of absolute volume less reliable. 40 Two presumptions were made prior to the determinations of the mean cell volumes. The mean number of nuclei within each hepatocyte was 1.4, as determined by quantification of Hoechst-stained cells (not shown). Each nucleus was of similar size, independent of being within a mono-or binuclear cell.
The volume fractions of nuclei, mitochondria, and glycogen were measured by superimposing a transparent multipurpose test system over the micrographs and relate the total count of test points over nuclei to the total count of cellular test points. For determination of the mean mitochondrial volume, 15 micrographs (magnification Â 8000) were made of isolated hepatocytes from each experiment.
Determination of the CaMKII-dependent commitment time points for hepatocyte budding, chromatin hypercondensation, and loss of attachment and protein synthesis ability
The time point when inhibition of CaMK by KT5926 or KN93 could no longer prevent irreversible cell damage by MC was determined for freshly isolated rat hepatocytes in suspension culture. Suspension cultures (1.2 Â 10 6 /ml) of hepatocytes were treated with 0.5 or 2 mM MC. After various incubation periods, aliquots were withdrawn and diluted 20-or 25-fold in medium containing 5 mg/ml BSA, 12.5 mg/ml pancreatic trypsin inhibitor and 30 mM KN93 or 40 mM KT5926, and scrutinized later for apoptotic indices or washed and plated, as described in the legends to the relevant figures.
